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I. INTRODUCTION
OR highly reliable power supply, fault current limiter F (Fcq is becoming an essential part in the modern power system. The conventional technology used today to clear the fault is based on circuit breaker (CB) with over current relay [l] . The typical operational time delay of practical circuit breaker ranges from few cycles to several seconds. During this time, only the system impedance can limit the fault current. Current limiting device is required to be introduced into the power system for limiting the fault current before opening the circuit breaker. Many circuits and theories of FCL have been proposed and some of them are well known. In this paper, attention is drawn on DC reactor type superconducting fault current limiter.
The circuit diagram of this bridge type current limiter is shown in Fig. 1 . The operational principle of the circuit is discussed elsewhere [2] . The practical difficulty of this circuit is to implement a DC bias source in the bridge circuit [3] . Actually, the DC bias voltage is used to keep the bridge diode continuously conducting at the normal operation. If the amplitude of DC bias current is equal or higher than the peak value of the line current, then the inductor always feeds DC current. Therefore, at normal operation, no current limiting mode occurs. At the time of fault, the fault current goes to higher value and crosses DC bias level. iFrom that moment the diodes block the circular current and the DC reactor becomes in-line, i.e. the limiter works in current limiting mode. Without bias source, the peak In this paper, by eliminating the DC bias source, the device is simplified. Now, it is required to observe the device performance at normal operation, especially in case of load changing. As the DC bias source is not used, the increase of load current tries to increase the inductor current. A small change of inductor current produces voltage across inductor that causes voltage drop across the load terminal. The observed load changing effect is a disadvantage of the system at normal operation. To observe this situation, a simple bridge type circuit is constructed and tested. Tests were carried out mainly to monitor the load changing effects. The normal operation of the limiter and the instance of the fault were also observed.
CIRCUIT CONSTRUCTION
The experimental circuit of the superconducting fault current limiter (SFCL) is shown in Fig. 2 . In this case, a hybrid bridge circuit is used instead of a simple diode bridge. The hybrid bridge consists of two thyristors T1 and T2 and two diodes D1 and D2. L is the inductance of superconductor coil. The inductance value is 1.2 H. The positive half cycle of current flows through T1 and D1 and the negative half cycle through T2 and D2.
The advantage of using the hybrid bridge over the normal diode bridge is that it can also work as fast solid state circuit breaker. In case of high fault current, by removing the gate trigger pulses, the thyristors can shutdown the supply. "Load 1" and "Load 2" are connected in parallel.
To observe the load changing effect, switch S1 is used to connect or disconnect the "Load 2". The solid state switch S2 is connected across the load terminal to make artificial fault. The specifications of superconductor coil used in this experiment is described in Table I . In this experiment, the inductance value was chosen 1.2 H. The higher value of inductance produces almost a DC current through the inductor coil. It keeps the diodes continuously conducting. Again, the higher inductance effectively reduces the fault current. On the other hand, the load increasing effect is expected to be worse at higher value of the inductance. The experiment was carried out at liquid helium temperature where the coil was absolutely in superconducting state. In order to avoid the quench of the superconductor coil at fault condition, the change of maximum flux density was restricted to 1 T/s. Using this limitation, the maximum operating voltage and rated current of the coil was calculated as 60 V and 200 A respectively.
EXPERIMENTAL RESULTS
More than 30 tests of load changing effect have been performed and some of the results are presented here. The input voltage of the SFCL is set to 60 V. Both "Load 1" and "Load 2" are variable resistive type equivalent load. They are set in such a way that it does not cross the maximum current rating of the coil. In the test circuit, "Load 1" is continuously connected and "Load 2" is used to perform the load changing test. Using microcontroller, the artificial fault is made at different phase angles. Programmable fault duration time is implemented in software so that different test can be performed at different fault time instants. For testing purpose, the fault interval is arranged from 1 cycle to 30 cycles. Fig. 3 represents the load increasing effect on voltage and current waveforms. To make this test, the load is increased to double by switching the "Load 2". From the waveform, before the instance of load change, both the voltage and the current have small "flat" shape at their peak. This is because of the forward voltage drop of the rectifiers in the bridge. After load is increased, the width of the "flat" becomes larger. Due to the increase of load, both the load and inductor currents try to increase. The inductor current can not change abruptly. So, it clips the line current waveform at the point of inductor current level and the bigger "flat" shape appears. It takes some time to reach the inductor current to steady state condition. At steady state, the original shape of the voltage and the current waveforms appear again. Fig. 4 shows the long term effect of the voltage and the current waveforms due to load increase. Fig. 4 (a) represents the voltage and Fig. 4 reach steady state condition of the waveforms because of the higher value of the inductor. As the voltage across the inductor depends on the changing rate of the inductor current, the inductor voltage suddenly increases at the instance of load increasing. This causes the voltage drop across the load. Fig. 4 (a) shows that the load voltage is suddenly reduced at the time of load increased and it recovers exponentially. Load current and inductor current increase at the same rate which is clearly shown in Fig. 4 Fig. 5 depicts the waveforms in load decreasing mode. By disconnecting the switch S2 the papallel "Load 2" is disconnected from "Load 1". After the instance of disconnection, the load voltage increases slightly and suddenly decreases load current as shown in Fig. 5 (a) and (b) respectively. When the load decreases, the inductor current remains at a higher value compared with peak-load current. It means that AC peak value of the current waveform does not cross the inductor current, thus, no current limiting mode occurs. That is why, both the voltage and current waveforms are sinusoidal. Again, when the load is decreased the output voltage increases slightly due to the source impudence effect.
Electromagnetic transient simulation of the SFCL is performed to compare the experimental results. compared to a higher value of the inductor. The experimental result agreed well with the simulation result at 1.2 H. Slight deviation occurred because the source impudence is neglected in simulation but exists in the actual system. To see the current limiting performance of the SFCL, an artificial fault is made by short-circuiting the load. This is made by turning on the solid state switch S1 of Fig. 2 . Solid state switch S1 consists of thyristors connected in anti-parallel. When it is triggered to make a fault, the thyristors turn on but turn off at zero crossing point. It does not turn on until threshold current is achieved. This is true when the gate signal is continuously on. For this reason some pulse like voltage appear near the zero crossing region at the time of the fault. This is clearly shown in the voltage waveform in Fig. 7 (a) . This situation does not appear in the real fault. The result shows that the inductor current (c) increases at certain rate after fault has been made. The peak of the fault current coincides with the inductor current and both have the same rising rate. Longer fault-time effect is shown in Fig. 8 . In this case fault duration time is selected to 20 cycles. At this time the peak fault current reached only twice the normal peak current. This is because the higher value of inductance limits the fault current more effectively. After fault is cleared, the inductor current remains at higher value and slowly decreases to the steady state value. As long as the inductor current is higher than the load current, the shape of the load current becomes undistorted which is clearly shown in Fig. 8 (b) . The advantage of using hybrid bridge circuit is that it can be configured as a circuit breaker. Unlike common circuit breakers, this is more faster and can be operated at zerocrossing point. Fig. 9 shows the test result of shutdown effect of the current limiter. In this case, inductor current is sensed for fault detection and shutdown occurs when preset value is achieved. During this test, the preset value for shutdown is set at 1.2 times of the normal current level. The result shows that the limited fault current reached to the value after 4 cycles of the fault instance. This value is selected just to test the current limiter in protection mode.
TO detect the actual fault condition, the slope of the rising inductor current also should be measured otherwise the load increasing effect can make a false trigger to shutdown. Fig. 10 shows the plots of simulation and experimental results of maximum fault current at different fault duration time. The simulation is carried out a t different inductance values. From the result, the maximum fault current is linearly proportional to the fault duration time. At a certain fault time, the maximum fault current is much higher at the lower inductor value. The experimental data agree well with the data of the simulation at inductance value 1.2 H.
IV. CONCLUSION
A hybrid bridge type SFCL without DC bias source have been constructed and tested. The test results of the current limiter are presented and discussed. Higher inductance value of superconductor coil is chosen to minimize the fault current. It is observed that a deep voltage drop is occurred on the load terminal during the load increasing time but does not appear during load decreasing. At a lower inductance value, the voltage drop is reduced but it increases the fault current. Load increasing effect is not expected in normal operation. This effect can be eliminated using DC bias current but it is practically difficult to implement a big current source in the bridge circuit.
